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Abstract
Using the most general, model independent form of effective Hamiltonian, the
transverse polarization PT of Λ in Λb → Λℓ+ℓ− decay is studied. It is observed that
the averaged 〈PT 〉 is very sensitive to the existence of new physics and can attain
large values, which can be measured at future colliders.
PACS numbers: 12.60.–i, 13.30.–a, 14.20.Mr
∗e-mail: taliev@metu.edu.tr
†e-mail: ozpineci@ictp.trieste.it
‡e-mail: savci@metu.edu.tr
1 Introduction
Recently time–reversal (T) violation has been measured in the K0 system [1]. However, the
origin of T violation, as well as CP violation which also has been obtained experimentally
in K0 meson system, remains unclear. In the standard model (SM) both violations comes
from a phase of the Cabibbo-Kobayashi–Maskawa (CKM) matrix [2]. It is well known
that SM predicts sizeable CP violation in the B0 meson system (see [3]). Detecting CP
violation constitutes one of the main research directions of the working B meson factories
[4]. These machines have already provided the first evidence for CP violation in B system,
namely sin 2β = 0.78 ± 0.08 [5]. In search of other sources of CP violation one needs to
investigate new processes. In this work we study the T–violating effects in the baryonic
Λb → Λℓ+ℓ− (ℓ = µ, τ) decays using the most general form of the effective Hamiltonian.
Large number of Λb baryons are expected to be produced in Tevatron, LHC, etc., which is
a great opportunity to examine the SM predictions for various decay modes of Λb. These
decays are also very sensitive to the new physics beyond the SM. The interest to baryonic
decays can be attributed to the fact that only these decays can give valuable information
about the handedness of the quarks. It should be noted that T–violating effects in the
Λb → Λℓ+ℓ− and B → K∗ℓ+ℓ− decays were studied in the Supersymmetric model in [6]
and [7], respectively.
It is well known that for a general three–body decay the triple spin–momentum corre-
lations ~s · (~pi× ~pj) are T–odd observables, where ~s, ~pi and ~pj are the spin and momenta of
final particles. So, in order to organize T–odd quantities we have two possibilities:
• either we choose lepton polarization as the polarization of final particles, or
• we choose only Λ baryon polarization.
In the Λb → Λℓ+ℓ− decay, experimentally only one polarization state of the particles can
be measured. In principle one can use either polarization of the lepton or polarization of the
baryon in studying T–odd observables. The first possibility , i.e., the lepton polarizations in
the Λb → Λℓ+ℓ− decay was studied in detail in [8]. Therefore, in the present work we prefer
choose the second possibility, namely, Λ baryon polarization in investigating the T–violating
effects. It should be noted here that, lepton polarization effects for the B → K∗ℓ+ℓ− were
studied comprehensively in [9].
The paper is organized as follows. In section 2, using the most general, model indepen-
dent form of the effective Hamiltonian, we derive the expression for the T–odd transverse
polarization of Λ. Section 3 is devoted to the numerical analysis and concluding remarks.
2 Calculation of the transversal polarization of Λ baryon
The matrix element of the Λb → Λℓ+ℓ− decay at quark level is described by the b →
sℓ+ℓ− transition. The decay amplitude for the b → sℓ+ℓ− transition, in a general model
independent form, can be written in the following way (see [10, 11])
M = Gα√
2π
VtbV
∗
ts
{
CSLs¯iσµν
qν
q2
Lbℓ¯γµℓ+ CBRs¯iσµν
qν
q2
bℓ¯γµℓ+ CtotLLs¯Lγ
µbLℓ¯LγµℓL
1
+ CtotLRs¯Lγ
µbLℓ¯RγµℓR + CRLs¯Rγ
µbRℓ¯LγµℓL + CRRs¯Rγ
µbRℓ¯RγµℓR
+ CLRLRs¯LbRℓ¯LℓR + CRLLRs¯RbLℓ¯LℓR + CLRRLs¯LbRℓ¯RℓL + CRLRLs¯RbLℓ¯RℓL
+ CT s¯σ
µνbℓ¯σµνℓ+ iCTEǫ
µναβ s¯σµνsσαβℓ
}
, (1)
where L = (1−γ5)/2 and R = (1+γ5)/2 are the chiral operators and CX are the coefficients
of the four–Fermi interaction. Part of these Wilson coefficients and structures does already
exist in the effective Hamiltonian of the b → s transition in the SM. The first two of the
coefficients CSL and CBR are the nonlocal Fermi interactions which correspond to −2msCeff7
and −2mbCeff7 in the SM, respectively. The following four terms describe vector type
interactions. Two of these vector interactions containing the coefficients CtotLL and C
tot
LR do
also exist in the SM in the forms (Ceff9 − C10) and (Ceff9 + C10), respectively. Therefore
CtotLL and C
tot
LR represent the sum of the combinations from SM and the new physics in the
following forms
CtotLL = C
eff
9 − C10 + CLL ,
CtotLR = C
eff
9 + C10 + CLR . (2)
The terms with CLRRL, CLRLR, CRLRL and CRLLR describe the scalar type interactions.
The last two terms in Eq. (1) correspond to the tensor type interactions. The amplitude
of the exclusive Λb → Λℓ+ℓ− decay can be obtained by sandwiching the matrix element of
the b→ sℓ+ℓ− decay between initial and final state baryons. It follows from Eq. (1) that,
in order to calculate the amplitude of the Λb → Λℓ+ℓ− decay the following matrix elements
are needed
〈Λ |s¯γµ(1∓ γ5)b|Λb〉 ,
〈Λ |s¯σµν(1∓ γ5)b|Λb〉 ,
〈Λ |s¯(1∓ γ5)b|Λb〉 . (3)
Explicit forms of these matrix elements in terms of the form factors are presented in
Appendix–A of [12]. Using the parametrization of these matrix elements, the matrix form
of the Λb → Λℓ+ℓ− decay can be written as
M = Gα
4
√
2π
VtbV
∗
ts
{
ℓ¯γµℓ u¯Λ
[
A1γµ(1 + γ5) +B1γµ(1− γ5)
+ iσµνq
ν [A2(1 + γ5) +B2(1− γ5)] + qµ[A3(1 + γ5) +B3(1− γ5)]
]
uΛb
+ ℓ¯γµγ5ℓ u¯Λ
[
D1γµ(1 + γ5) + E1γµ(1− γ5) + iσµνqν [D2(1 + γ5) + E2(1− γ5)]
+ qµ[D3(1 + γ5) + E3(1− γ5)]
]
uΛb + ℓ¯ℓ u¯Λ(N1 +H1γ5)uΛb + ℓ¯γ5ℓ u¯Λ(N2 +H2γ5)uΛb
+ 4CT ℓ¯σ
µνℓ u¯Λ
[
fTσµν − ifVT (qνγµ − qµγν)− ifST (Pµqν − Pνqµ)
]
uΛb
+ 4CTEǫ
µναβ ℓ¯σαβℓ iu¯Λ
[
fTσµν − ifVT (qνγµ − qµγν)− ifST (Pµqν − Pνqµ)
]
uΛb
}
, (4)
where P = pΛb + pΛ.
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Explicit expressions of the functions Ai, Bi, Di, Ei, Hj and Nj (i = 1, 2, 3 and j = 1, 2)
are given in Appendix–A of [12].
Obviously, the Λb → Λℓ+ℓ− decay introduces a lot of form factors. However, when the
heavy quark effective theory (HQET) has been used, the heavy quark symmetry reduces
the number of independent form factors to two only (F1 and F2), irrelevant with the Dirac
structure of the relevant operators [13], and hence we obtain that
〈Λ(pΛ) |s¯Γb|Λ(pΛb)〉 = u¯Λ
[
F1(q
2)+ 6vF2(q2)
]
ΓuΛb , (5)
where Γ is an arbitrary Dirac structure, vµ = pµΛb/mΛb is the four–velocity of Λb, and
q = pΛb − pΛ is the momentum transfer. Comparing the general form of the form factors
with (5), one can easily obtain the following relations among them (see also [14])
g1 = f1 = f
T
2 = g
T
2 = F1 +
√
rF2 ,
g2 = f2 = g3 = f3 = g
V
T = f
V
T =
F2
mΛb
,
gST = f
S
T = 0 ,
gT1 = f
T
1 =
F2
mΛb
q2 ,
gT3 =
F2
mΛb
(mΛb +mΛ) ,
fT3 = −
F2
mΛb
(mΛb −mΛ) , (6)
where r = m2Λ/m
2
Λb
. These relations will be used in further numerical calculations.
As has already been stated, in order to study the T–violating effects, we need spin
polarization of Λ baryon. Spin vector sµ of Λ baryon can be expressed in terms of the unit
vector ~ξ along the Λ spin in its rest frame as,
sµ =

~pΛ · ~ξ
mΛ
, ~ξ +
~pΛ(~pΛ · ~ξ)
mΛ(EΛ +mΛ)

 , (7)
and choose the unit vectors along the longitudinal, transversal and normal components of
the Λ polarization to be
~eL =
~pΛ
|~pΛ| ,
~eT =
~pℓ− × ~pΛ
|~pℓ− × ~pΛ| ,
~eN = ~eL × ~eT , (8)
respectively, where ~pℓ− and ~pΛ are the three momenta of ℓ
− and Λ in the center of mass
frame of the final leptons. The differential decay rate of the Λb → Λℓ+ℓ− decay for any spin
direction ~ξ along Λ baryon can be written in the following form
dΓ
ds
=
1
2
(
dΓ
ds
)
0
[
1 +
(
PL~eL + PN~eN + PT~eT
)
· ~ξ
]
, (9)
3
where (dΓ/ds)0 corresponds to the unpolarized differential decay rate, s = q
2/m2Λb and PL,
PN and PT represent the longitudinal, normal and transversal polarizations of Λ, respec-
tively. The unpolarized decay width in Eq. (9) can be written as(
dΓ
ds
)
0
=
G2α2
8192π5
|VtbV ∗ts|2 λ1/2(1, r, s)v
[
T0(s) + 1
3
T2(s)
]
, (10)
where λ(1, r, s) = 1+ r2+ s2− 2r− 2s− 2rs is the triangle function and v =
√
1− 4m2ℓ/q2
is the lepton velocity. The explicit expressions for T0 and T2 can be found in [12].
The T–odd transverse polarization of Λb baryon is defined as
PT (s) =
dΓ
ds
(~ξ = ~e)− dΓ
ds
(~ξ = −~e)
dΓ
ds
(~ξ = ~e) +
dΓ
ds
(~ξ = −~e)
. (11)
After lengthy and straightforward calculations, we get the following expression for PT (s)
PT = −
8πm3Λbv
√
sλ[
T0(s) + 13T2(s)
]
{
mℓ
(
Im[(A1 +B1)
∗F1] + Im[(A1 − B1)∗H1]
)
+ 8mΛb
[
2mℓ Im[E
∗
1CTf
V
T ]− (1−
√
r)
(
Im[H∗1CTEfT ] + 2mℓ Im[E
∗
1CTEf
V
T ]
)]
− mℓmΛb
[
− (1−√r) Im[(A2 −B2)∗H1] + (1 +
√
r) Im[(A2 +B2)
∗F1]
]
+ 8mℓmΛb
[
(1−√r) Im[(D3 − E3)∗CTfT ] + 2(1 +
√
r) Im[(D3 + E3)
∗CTEfT ]
]
− 16mℓmΛb
(
Im[D∗1(CT + CTE)f
V
T ]−
√
r Im[D∗1CTEf
V
T ]
)
+ 8mℓ
[
Im[(D1 − E1)∗CTfT ]− 2 Im[(D1 + E1)∗CTEfT ]
− m3Λb(1−
√
r)(1 + 2
√
r + r − s) Im[(D2 − E2)∗CTfST ]
]
(12)
+ m2Λb(1− r + s)
(
Im[A∗2D1 −A∗1D2]− Im[B∗2E1 − B∗1E2]
)
+ 16mℓmΛb
(
Im[(D2 − E2)∗CTfT ] + 2 Im[(D2 + E2)∗CTEfT ]
− mΛbs Im[(D3 + E3)∗CTEfVT ]
)
+ 4mΛb
[
(1−√r) Im[H∗2CTfT ]− (1 +
√
r)
(
Im[F ∗1CTfT ]− 2 Im[F ∗2CTEfT ]
)
+ mΛbs
(
Im[F1CTf
V
T ]− 2 Im[F2CTEfVT ]
)]
+ 2mΛb
(
Im[A∗1E1 −B∗1D1]−m2Λbs Im[A∗2E2 − B∗2D2]
)
+ 8mℓm
2
Λb
(
[s− (1 +√r)2] Im[(D1 −E1)∗CTfST ]− (1− r + s) Im[(D2 − E2)∗CTfVT ]
)}
.
It follows from Eq. (12) that, for PT to have nonvanishing value,
• interactions of new type must exist, and,
• combinations of different Wilson coefficients must have a weak phase.
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It should be noted that in the SM PT ∼ msIm (C7C∗10) (see [7]) and hence it is strongly
suppressed. For this reason, if a large value for PT is measured in the experiments, it could
be considered as an unambiguous indication of the existence of new physics beyond the SM.
It should be remembered that the electromagnetic interaction of final particles can
induce PT , but this contribution is negligibly small, which is of the order of O(10−3).
3 Numerical analysis
In this section we will investigate the sensitivity of the transversal lepton polarization to
the new Wilson coefficients. The main input parameters in Eq. (12) are the transition
form factors. For transition form factors we will use the results from QCD sum rules
approach in combination with HQET [15], which reduces the number of form factors into
two independent ones. The dependence of these form factors on s can be expressed as
F (q2) =
F (0)
1− aF s+ bF s2
, (13)
where parameters Fi(0), a and b are listed in table 1.
F (0) aF bF
F1 0.462 −0.0182 −0.000176
F2 −0.077 −0.0685 0.00146
Table 1: Parameters for the form factors given in Eq. (13) in the QCD sum rules method.
In further numerical analysis, for the values of the Wilson coefficients C7, C
eff
9 , and C10
we will use next–to leading order logarithmic approximation results at renormalization point
µ = mb [16]. It should be noted that, in addition to the short distance contribution, C
eff
9
also receives long distance contributions from the real c¯c resonant states of the J/ψ family.
In the present work we do not take into account the long distance effects. Furthermore
in carrying out numerical calculations we vary all new Wilson coefficients in the range
0 ≤ CX ≤ |C10| . The experimental bounds on the branching ratio of the B → K∗µ+µ−
and B → µ+µ− [17] suggest that this is the right order of magnitude range for the vector
and scalar interaction coefficients. Moreover we assume that tensor interactions also vary
in this region. As we have already noted, in order to obtain considerably large value for
PT , the new Wilson coefficients must have weak phase. For simplicity we assume that all
new Wilson coefficients have a common weak phase φ.
It follows from the explicit expression of PT that it depends on s, magnitude and phase of
the new Wilson coefficients. The dependence of PT is eliminated by performing integration
over s, i.e., we analyze the averaged PT , which is defined as
〈PT 〉 =
∫ (1−mΛ/mΛ
b
)2
4m2
ℓ
/m2
Λ
b
PT
dB
ds
ds
∫ (1−mΛ/mΛb )2
4m2
ℓ
/m2
Λb
dB
ds
ds
. (14)
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The dependence of the averaged 〈PT 〉 on the Wilson coefficients CT , CTE , CRL, CRR,
CRLRL and CRLLR and on the phase φ for the Λb → Λτ+τ− decay is presented in Figs. (1)–
(6). The dependence of 〈PT 〉 on CRL and on the weak phase for the Λb → Λµ+µ− decay is
depicted in Fig. (7). On the other hand, the dependence of 〈PT 〉 on the remaining Wilson
coefficients CLL, CLR, CLRRL and CLRLR for the Λb → Λµ+µ− decay is not presented since
for all these choices 〈PT 〉 is negligibly small (< 0.2%).
It can easily be seen from these figures that 〈PT 〉 attains at its largest value for CRL
about ∼ 25%, for CRR ∼ 4%, for CTE ∼ 8%, for CRLRL, CRLLR about ∼ 5% and about 2%
for CT for the Λb → Λτ+τ− decay.
The situation for the Λb → Λµ+µ− decay is similar to the previous case. It is observed
that 〈PT 〉 displays even stronger dependence only on CRL and reaches its maximum value
of ∼ 40%, and for CT about 1%, while for all remaining Wilson coefficients other than these
two 〈PT 〉 is negligibly small (<∼ 0.2%).
These behaviors can be explained as follows. In the massless lepton limit (neglecting
scalar type interactions for simplicity) the expression for PT reduces to
PT ∼ 1T0 + 13T2
{
A Im[C∗BR (CRR − CRL)− C∗SL (2C10 + CLR − CLL)
]
+ B Im[(C∗RL + C
∗
RR) (2C10 + CLR − CLL) + (2C9 + CLR + CLL) (C∗RR − C∗RL)]
}
,(15)
where A and B are functions of s and ratio of the form factors. In this work we will assume
that CBR and CSL are defined in the same way as in the SM, since the measured branching
ratio of B → Xsγ decay is in a very good agreement with the SM prediction [18]–[20]. The
first term in Eq. (15) can safely be neglected since
∣∣∣CSM7 ∣∣∣≪ ∣∣∣Ceff9 ∣∣∣ and ∣∣∣CSM7 ∣∣∣≪ |C10|. We
also observe that the expression in Eq. (15) involves CRR and CRL in the combinations of
the form
∼ Im[C∗RR
(
C10 + C
eff
9
)
] ,
∼ Im[C∗RL
(
C10 − Ceff9
)
] .
In the SM C10 and C
eff
9 have opposite signs and have almost equal magnitudes (see for
example [21]), which explains the reason why PT gets larger values for CRL compared to
the other new Wilson coefficients. For all other choices PT is proportional to the lepton
mass and for this reason PT is quite small the coefficients CLL, CLR, CLRLR and CLRRL.
Finally we would like to discuss briefly the detectibility of 〈PT 〉 in the experiments.
Experimentally, to measure 〈PT 〉 of a particular decay with the branching ratio B at the
nσ level, the required number of events are N = n2/(B 〈PT 〉)2. For example, if B(Λb →
Λµ+µ−) ∼ 10−6 then, to measure 〈PT 〉 ≃ 0.2 at 3σ level, N ≃ 4.5 × 107 Λb decays are
required. Since at LHC and BTeV machines 1012 b¯b pairs are expected to be produced per
year [?], the detectibility of 〈PT 〉 is quite high in these colliders.
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Figure captions
Fig. (1) The dependence of the averaged transversal lepton polarization
〈
P−T
〉
on the
phase φ and on the new Wilson coefficient CT for the Λb → Λτ+τ− decay.
Fig. (2) The same as in Fig. (1), but for the Wilson coefficient CTE.
Fig. (3) The same as in Fig. (1), but for the Wilson coefficient CRL.
Fig. (4) The same as in Fig. (1), but for the Wilson coefficient CRR.
Fig. (5) The same as in Fig. (1), but for the Wilson coefficient CRLRL.
Fig. (6) The same as in Fig. (1), but for the Wilson coefficient CRLLR.
Fig. (7) The dependence of the averaged transversal lepton polarization
〈
P−T
〉
on the
phase φ and on the new Wilson coefficient CRL for the Λb → Λµ+µ− decay.
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